INTRODUCTION
Long-term potentiation (LTP) and long-term depression (LTD) cause long-term changes of synaptic strength in opposite directions; both are Ca 2+ dependent, can occur at the same hippocampal CA3 to CA1 synapses, and are together thought to underlie learning, memory, and cognition (for review, see Collingridge et al., 2010; Malenka and Bear, 2004; Martin et al., 2000; Xia and Storm, 2005) . Twenty-five years of research has firmly established CaMKII as a major mediator of the postsynaptic mechanisms of LTP (for review, see Colbran and Brown, 2004; Lisman et al., 2012) . These mechanisms include CaMKII-mediated increase of synaptic AMPAtype glutamate receptor (AMPAR) number (Hayashi et al., 2000; Opazo et al., 2010) and channel conductance, the latter by direct phosphorylation of the GluA1 subunits at S831 (Barria et al., 1997; Benke et al., 1998; Derkach et al., 1999; Kristensen et al., 2011) . LTP stimuli also induce autophosphorylation of CaMKII at T286, which generates Ca 2+ /CaM-independent ''autonomous'' activity and is required for LTP induction Giese et al., 1998) . Notably, ''autonomous'' CaMKII is by no means fully active, because it can still be 5-fold further stimulated by Ca 2+ /CaM Miller and Kennedy, 1986) . However, a physiological function for this additional regulation has remained elusive. Although LTP requires NMDA-type glutamate receptor (NMDAR) stimulation, LTD comes in both NMDAR-and metabotropic glutamate receptor (mGluR)-dependent forms (Collingridge et al., 2010; Malenka and Bear, 2004) . Although LTP requires protein kinase activity and particularly CaMKII, LTD requires protein phosphatase activity (Collingridge et al., 2010; Malenka and Bear, 2004; Xia and Storm, 2005) and a potential role of CaMKII is still unclear . For mGluR-dependent LTD, previous findings were conflicting and indicated either inhibition (Mockett et al., 2011) or facilitation (Schnabel et al., 1999) by CaMKII inhibitors. For NMDAR-dependent LTD, an involvement of CaMKII has been attributed to presynaptic mechanisms (Stanton and Gage, 1996; Stevens et al., 1994) and the effect on synaptic strength mediated by postsynaptic AMPARs remains unexplored. However, intriguingly, a recent study identified another CaMKII site on GluA1, S567 (see Figure 2A ), which decreases synaptic strength by reducing synaptic localization of AMPARs (Lu et al., 2010) .
Here, we manipulated CaMKII by an improved inhibitor, by knockout, and by T286A mutant knockin and demonstrated that NMDAR-dependent LTD requires both CaMKII and its autonomous activity. In hippocampal slices, LTD stimuli induced CaMKII-dependent GluA1 S567 phosphorylation. Biochemical assays with purified protein showed that GluA1 S567 represents a distinct CaMKII substrate class favored by LTD-type stimuli, whereas GluA1 S831 is a traditional substrate favored by LTPtype stimuli. These results demonstrate the regulatory mechanisms that enable autonomous CaMKII to mediate its opposing effects in LTP and LTD.
RESULTS

CaMKII Is Required for LTD
Previous inhibitor studies yielded conflicting results for the involvement of CaMKII in postsynaptic mechanisms of hippocampal LTD (Mockett et al., 2011; Schnabel et al., 1999) . Using our more selective CaMKII inhibitor tatCN21 Vest et al., 2007) , we show here CaMKII requirement in an NMDAR-dependent form of LTD that was induced in the hippocampal CA1 area by low-frequency stimulation (LFS; 15 min 1 Hz) ( Figures 1A-1C) . Synaptic strength was measured by evoked field excitatory postsynaptic potentials (fEPSPs), which were analyzed for slope ( Figures 1A-1C ) and amplitude ( Figure S1 ). LTD induction was blocked when tatCN21 was added 15 min before LFS and removed immediately after LFS ( Figure 1A ). Although significant synaptic depression was still apparent immediately after LFS, no LTD developed. Genetic knockout of the CaMKIIa isoform also abolished LTD ( Figure 1B) , to the same extent as seen after inhibition of all CaMKII isoforms with tatCN21 ( Figure 1C ). The LFS-induced LTD required NMDAR-dependent Ca 2+ influx, because it was blocked by the NMDAR pore blocker MK801 ( Figure 1C ), consistent with previous findings (Dudek and Bear, 1992; Massey et al., 2004; Mulkey and Malenka, 1992; Sanderson et al., 2012) . These results show a specific requirement for the CaMKIIa isoform in NMDARdependent LTD. The expression of the CaMKIIb isoform was enhanced in the CaMKIIa knockout mice ( Figures 1D and S2 ), but this did not compensate for loss of CaMKIIa function. Previous studies found elevated CaMKIIb levels in the postsynaptic densities (PSDs) of CaMKIIa knockout mice (Elgersma et al., 2002) , an effect also observed here. By contrast, the distribution of the postsynaptic marker PSD-95 was unaltered ( Figure S2) . A postsynaptic mechanism of the LFS-induced LTD was first indicated by lack of presynaptic changes in paired-pulse facilitation ( Figure 1E ) and further validated by CaMKII-dependent LTDspecific effects on the phosphorylation state of postsynaptic AMPARs (see below). (C) Mean LTD at 40-60 min after LFS under various conditions was compared by ANOVA with Newman-Keuls post hoc analysis; significance of LTD was analyzed by t test compared to baseline (*p < 0.05; ns: p > 0.05). LFS-induced LTD was CaMKII dependent (blocked by tatCN21 and CaMKIIa knockout) and NMDAR dependent (blocked by 10 mM MK801; n = 10 slices). (D) CaMKIIa isoform knockout increased CaMKIIb isoform expression in the hippocampus, as determined by western analysis. (E) LFS did not reduce the paired pulse ratio, providing indication for a postsynaptic LTD mechanism. Shown are averaged sample traces (left) and the pairedpulse ratio (right) before and after LFS. Quantifications in all panels show mean ± SEM. See also Figures S1 and S2.
LTD Requires CaMKII T286 Autophosphorylation
Like LTP, CaMKII T286 autophosphorylation that generates Ca 2+ -independent ''autonomous'' activity is more readily generated by high-frequency stimulation (De Koninck and Schulman, 1998) and is indeed required for LTP (Giese et al., 1998) . Thus, we hypothesized that T286-phosphorylated CaMKII promotes LTP, whereas nonphosphorylated CaMKII promotes LTD. However, LTD stimuli also increased CaMKII T286 phosphorylation ( Figure 2A ). More importantly, CaMKIIa T286A mutant mice were functionally impaired for LTD ( Figure 2B ). In fact, no significant LFS-induced LTD was observed in these mice at all (Figure 2C) , similar to the findings with CaMKIIa knockout mice or with CaMKII inhibition (see Figure 1C) . Thus, T286-mediated autonomous CaMKII activity is required not only for LTP, but also for LTD.
In contrast to the CaMKIIa knockout mice, the T286A mutant mice showed normal CaMKIIb expression ( Figure S3A ). Although CaMKIIa expression appeared slightly reduced, the CaMKIIa to b ratio was not significantly changed ( Figure S3A) . As previously demonstrated (Giese et al., 1998; Silva et al., 1992) , the relationship of stimulus input to fEPSP output before LFS did not differ significantly between the CaMKIIa wild-type and mutant mice ( Figure S3B ). Thus, the LTD impairments were not due to differences in synaptic efficacy prior to LFS.
LTD Induces CaMKII-Dependent GluA1 Phosphorylation at S567 At first glance, CaMKII dependence of both LTP and LTD appears to indicate that autonomous CaMKII is required for enabling synaptic plasticity, but with other events then determining the direction of plasticity. However, at least for LTP, there is ample previous evidence for a direct role of CaMKII in the synaptic potentiation Lisman et al., 2012) . This includes CaMKII-mediated increase of AMPAR channel conductance by direct phosphorylation of the GluA1 subunits at S831 (Derkach et al., 1999; Kristensen et al., 2011) . As phosphorylation of GluA1 at another site, S567 ( Figure 3A) , instead directly reduces the number of synaptic AMPARs (Lu et al., 2010) , this could constitute a direct CaMKII-mediated LTD mechanism. Indeed, LTD stimulation of acute hippocampal slices produced a robust increase in S567 phosphorylation ( Figure 3B ). This increase was CaMKII dependent, because it was observed only in wild-type mice and not in the CaMKIIa knockout mice ( Figure 3B ). By contrast, a small LTD-induced increase in S831 phosphorylation immediately after LTD was not statistically significant ( Figure 3C ), consistent with a previous study (Lee et al., 1998) . As expected after LTD stimuli (Lee et al., 1998) , GluA1 phosphorylation at the PKA site S845 (Roche et al., 1996) decreased ( Figure S4 ).
Differential Biochemical Regulation of GluA1 S567 versus S831 Phosphorylation But how can CaMKII differentiate between GluA1 phosphorylation at S567 versus S831 after LTD versus LTP? In order to address this question, the regulation of the GluA1 phosphorylation sites by CaMKII was compared in biochemical assays with purified protein. CaMKII was made ''autonomous'' by prephosphorylation at T286, and subsequent GluA1 phosphorylation was tested in the presence or absence of an additional Ca 2+ /CaM stimulus ( Figure 3D ). GluA1 S831 phosphorylation was significantly further stimulated by Ca 2+ /CaM, with Ca 2+ -independent autonomous activity less than 20% of maximal stimulated activity ( Figure 3D ), as expected for traditional CaMKII substrates . By contrast, GluA1 S567 phosphorylation was not further enhanced by additional Ca 2+ /CaM stimulation, resulting in autonomy of 100% or more ( Figure 3D ). As an important consequence of this differential regulation, GluA1 S831 was phosphorylated much more readily than S567 under the maximally Ca 2+ /CaM-stimulated conditions, whereas S567 was phosphorylated much more readily than S831 by autonomous CaMKII in absence of further stimulation (see Figure 3D ). Thus, LTP-type stimuli (strong but brief) indeed favor S831 phosphorylation, whereas LTD-type stimuli (weak but prolonged) instead favor S567 phosphorylation (Figure 3D , right panels).
GluA1 S567 Represents a Distinct Substrate Class
Elevated CaMKII autonomy was previously observed for T-site binding T substrates (Bayer et al., 2001; Coultrap et al., 2010) , but this elevation was more modest and still allowed for some positive regulation by Ca 2+ /CaM . Furthermore, the GluA1 loop 1 lacks sequence homology with T substrates ( Figure 4A ). More importantly, GluA1 loop 1 showed no T-site binding: whereas the T-substrate peptide AC3 effectively competed with T-site-mediated CaMKII binding to GluN2B in vitro, a peptide derived from GluA1 loop 1 did not ( Figure 4B ). Thus, GluA1 S567 represents a class of CaMKII substrate sites that is distinct from both traditional substrates (such as GluA1 S831) and T substrates (such as GluN2B S1303).
DISCUSSION
The decision between Ca 2+ -dependent induction of LTP versus LTD is thought to be determined by differential activation of protein kinase versus phosphatase. Indeed, whereas LTP requires CaMKII and its autonomous activity (for review, see Lisman et al., 2012) , LTD requires calcineurin, a Ca 2+ -activated phosphatase (for review, see Collingridge et al., 2010; Malenka and Bear, 2004; Xia and Storm, 2005) . However, this study provides evidence that LTD also requires autonomous CaMKII activity. Thus, autonomous CaMKII mediates both LTP and LTD. Importantly, our results also provide evidence for a mechanism by which CaMKII can indeed induce both of these two opposing forms of synaptic plasticity (as illustrated in Figure 4C ). (A) Schematic GluA1 topology with its two sites phosphorylated by CaMKII. (B) GluA1 S567 phosphorylation was induced by LTD stimuli only in hippocampal slices from wild-type but not CaMKIIa knockout mice, as assessed by western analysis. (C) GluA1 S831 phosphorylation was not significantly enhanced by LTD stimuli in wild-type mice and not at all in CaMKIIa knockout mice. Statistical analysis in all panels was by ANOVA with Newman-Keuls post hoc analysis (*p < 0.05; n = 3 independent preparations from three to four slices each). (D) In vitro phosphorylation of GluA1 at S831 versus S567 by T286-autophosphorylated ''autonomous'' CaMKII (using purified protein) in absence or presence of additional Ca 2+ /CaM stimulation was assessed by western analysis (left panel) and quantified (right panels). CaMKII ''autonomy'' is the ratio of autonomous over maximal stimulated activity in percentages and was significantly higher for S567 (**p < 0.01, test; n = 4 measurements). The phosphorylation time courses show differential preference of S567 versus S831 phosphorylation by prolonged weak stimuli (no additional Ca 2+ /CaM) versus brief strong stimuli (additional Ca 2+ / CaM). Quantifications in all panels show mean ± SEM. See also Figure S4 .
LFS-induced LTD is most robust prior to 3 weeks of age (Collingridge et al., 2010; Dudek and Bear, 1993) , and our recordings were done at 2-2.5 weeks of age. Although LTP undergoes a developmental switch from PKA to CaMKII dependence between week 1 and 4 in mice (Yasuda et al., 2003) , CaMKII mediates LTP already in 2-week-old mice (Hinds et al., 1998) and rats (Wikströ m et al., 2003) . Thus, our results do not reflect a developmental switch from CaMKII-dependence of LTD to LTP. Instead, the CaMKIIa isoform and its phospho-T286-induced autonomous activity mediate both LTD and LTP mechanisms at the same developmental stage.
CaMKII T286 autophosphorylation is more readily induced by high-stimulation frequencies (Bayer et al., 2002; Chao et al., 2011; De Koninck and Schulman, 1998) , which has been proposed to be important in the signal processing during LTP induction . Then, why is T286 phosphorylation also induced and required in LTD? Although T286 autophosphorylation acts as a spike frequency detector, it also acts as a detector of spike number (as well as spike duration and amplitude), thereby processing all of these input parameters (De Koninck and Schulman, 1998) . Consequently, efficient T286 autophosphorylation should indeed be expected from both LTP stimuli (strong but brief, such as two 1 s trains of 100 pulses at 100 Hz) and LTD stimuli (weak but prolonged, such as 15 min of 900 pulses at 1 Hz). In any case, because T286 phosphorylation is required for both CaMKII-dependent LTD and LTP, it is not the factor differentiating between the opposing CaMKII effects on synaptic strength.
Then what does determine whether the autonomous activity of T286-phosphorylated CaMKII induces LTD or LTP? Our results provide evidence that this involves differential substrate site selection, with phosphorylation of traditional CaMKII substrates promoting LTP, and phosphorylation of a distinct and differentially regulated substrate class instead promoting LTD. LTP stimuli are well established to induce CaMKII-mediated phosphorylation of GluA1 at S831, which, in turn, results in the increase in AMPAR conductance observed after LTP (Barria et al., 1997; Benke et al., 1998; Derkach et al., 1999; Kristensen et al., 2011) . With GluA1 S567, we here identify an LTD-induced CaMKII substrate site. Notably, S567 phosphorylation has been shown to decrease synaptic AMPAR localization, and thereby currents (Lu et al., 2010) . Thus, differential CaMKII-mediated phosphorylation of two distinct sites, S831 and S567, on the same protein, GluA1, can indeed promote either synaptic depression or potentiation.
But what controls the differential substrate site selection by autonomous CaMKII in LTD versus LTP? One difference lies in the strength of additional stimulation by Ca 2+ /CaM, which is much stronger during LTP compared to LTD, with higher Ca 2+ concentrations that lasts throughout the entire induction period for LTP, compared to lower Ca 2+ concentrations that repeatedly fall back to basal levels during the induction of LTD (Helmchen, 2002; Ismailov et al., 2004; Zucker, 1999) . Such additional stimulation further increases activity even of ''autonomous'' CaMKII, at least toward traditional substrates Miller and Kennedy, 1986) . In our biochemical assays, such further Ca 2+ /CaM stimulation of ''autonomous'' CaMKII indeed significantly increased its activity for GluA1 S831 (by >5-fold, as expected), but, remarkably, not for GluA1 S567. The effect of this regulation on GluA1 phosphorylation was that biochemical LTP-type stimuli (brief but strong) primarily targeted S831, whereas LTD-type stimuli (weak but prolonged) primarily targeted S567. Thus, this regulation readily explains the substrate site selection after different stimuli in hippocampal slices. (Chao et al., 2011) , the T-site (yellow) interacts with the T286 region (dark blue) of the regulatory region (ribbon). Activation by Ca 2+ /CaM removes the regulatory region, allowing other T-site interactions, such as with the T286-region-derived substrate peptide AC3 or with GluN2B (Bayer et al., 2001 (Bayer et al., , 2006 Coultrap et al., 2010) . GluA1 loop 1 has no homology to these T-site binding T substrates.
(B) Ca 2+ /CaM-induced binding of CaMKII (50 nM) to immobilized GST-GluN2B C terminus was blocked by addition of the T-substrate AC3, but not by a peptide comprising the GluA1 loop 1 (250 mM). Bound CaMKII was detected by western analysis. (C) Model for CaMKII mechanisms in opposing forms of synaptic plasticity. NMDAR stimulations that induce LTD (weak but prolonged) or LTP (strong but brief) both induce CaMKII autophosphorylation at T286, which generates autonomous kinase activity. However, the strong further stimulation of CaMKII by Ca 2+ /CaM during LTP stimuli favors phosphorylation of traditional CaMKII substrates (such as S831 on the AMPAR subunit GluA1), whereas the autonomous CaMKII activity without such further stimulation after LTD stimuli instead favors phosphorylation of a distinct class of CaMKII substrates (such as S567 on GluA1), a regulation indeed found in Figure 3D . Then, phosphorylation of traditional versus newly identified substrates promotes synaptic potentiation versus depression. Synaptic GluA1 removal by S567 phosphorylation is clearly a regulatory step that would promote LTD. However, determining the necessity and sufficiency of this phosphorylation for LTD induction and expression will require further detailed investigations. Notably, in LTP, CaMKII is required for orchestrating multiple signaling events, but with individual events (such as GluA1 S831 phosphorylation) neither necessary nor sufficient, even though each clearly promotes and/or facilitates LTP (for review, see Lisman et al., 2012) . Thus, a similarly complex situation may be expected for the CaMKII-mediated signaling that is required for LTD. Given this complexity and redundancy of plasticity pathways, it is even more remarkable that the ''autonomous'' form of CaMKII is essential, not only in LTP but also in LTD.
Taken together, CaMKII and its autonomous activity mediate two opposing forms of NMDAR-dependent synaptic plasticity. ''Autonomous'' CaMKII requires additionally further stimulation by Ca 2+ /CaM for maximal phosphorylation of traditional CaMKII substrates. By contrast, GluA1 S567 represent examples of a distinct class of LTD-specific CaMKII substrates for which ''autonomous'' phosphorylation is not further stimulated by Ca 2+ /CaM. Thus, we propose that phosphorylation of traditional CaMKII substrates promotes LTP, whereas phosphorylation of the substrate class identified here instead promotes LTD (as illustrated in Figure 4C ).
EXPERIMENTAL PROCEDURES
The T286A mice were described previously (Giese et al., 1998) ; the CaMKIIa knockout mice are a newly generated strain (see Figure S2 ). All animal treatments and housing were in accordance with the University of Colorado Denver Institutional Animal Care and Use Committee. Electrophysiological recordings, western analysis, in vitro phosphorylation assays, immunocytochemistry, and protein-protein binding assays as well as preparation of hippocampal slices, extracts, and purified proteins were done essentially as described previously Coultrap et al., 2010 Sanderson et al., 2012; Vest et al., 2007) and detailed in the Supplemental Experimental Procedures. The in vitro GluA1 phosphorylation assays were done at 30 C with 10 nM (kinase subunits) of T286-phosphorylated CaMKII and 2 mM GST fusion proteins of the cytoplasmic GluA1 C-tail (containing S831) or loop1 (containing S567), in presence of either Ca 2+ /CaM or EGTA. Phospho-site detection utilized specific antibodies (Lu et al., 2010) . Immunodetection values after western analysis were quantified as described Vest et al., 2007) . NMDAR-dependent LTD was induced in aCSF (in mM: 126 NaCl, 3.0 KCl, 1.5 MgCl 2 , 2.4 CaCl 2 , 1.2 NaH 2 -PO 4 , 11 D-glucose, and 25.9 NaHCO 3 ) by 15 min 1 Hz stimulation for electrophysiology (at test-stimulus intensity, which was set to elicit 50%-60% of maximal response before LTD induction) or by 3 min 20 mM NMDA for biochemistry (Sanderson et al., 2012) . In contrast to chemically induced LTP, this chemically induced LTD is well established and utilizes the same mechanisms as NMDAR-dependent electrically induced LTD (Lee et al., 1998) . Slices from 21-to 24-day-old mice were used for biochemistry. Statistical analysis (**p < 0.01; *p < 0.05; ns: not significant) for all multiple comparisons was done by ANOVA with Newman-Keuls post hoc analysis. Significance of LTD was analyzed by paired t test compared to baseline before LFS. 
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental
Generation and maintenance of CaMKIIα mutant mice.
For the CaMKIIα knockout mice, the gene targeting vector (based on the C57BL/6 mouse gene sequence) containing a loxP-flanked neomycin resistance cassette between exons E9 and E10 ( Figure  S2A ,B) was constructed in the Rocky Mountain Neurological Disorders Gene Targeting Core. Using C57BL/6-129 hybrid embryonic stem cells, chimeric founders were generated, tested for germ-line transmission, and back-crossed with C57BL/6 mice as described (Sanderson et al., 2012) . PCR-based genotyping was done with 2.5 µM forward primer fCKi9 (TGGGGAGAGCCAGTGGCCTA) and reverse primers rCKi9 (TGGGCCTGTCCCTTGCCTC; for wild type allele) or rCass (CCCCGTGCCTTCCTTGACCC; for transgenic allele; Figure o C) using 8 µl PCR mix (Sigma) and 2 µl genomic DNA from tail snips prepared using REDExtract-N-Amp tissue PCR kit (Sigma). CaMKIIα T286A mice (Giese et al., 1998 ) that were back-crossed to C57BL/6 were kindly provided by Dr. Ryohei Yasuda (Max Planck Florida), with permission from Dr. Alcino Silva (UCLA) and Dr. KarlPeter Giese (University College London) and were genotyped using the described PCR primers (Giese et al., 1998) . Like the CaMKIIα knockout mice, the T286A mice were further back-crossed with C57BL/6 mice in house, and mice from the in house C57BL/6 line were used as control in our experiments.
Electrophysiology: field recordings in slices.
Slice electrophysiology was performed essentially as described (Sanderson et al., 2012) . After sacrifice, brains were rapidly removed and immersed in ice-cold, sucrose containing cutting buffer (in mM: 87 NaCl, 2.5 KCl, 7 MgCl 2 , 0.5 CaCl 2 , 1.25 NaH 2 PO 4 , 25 D-glucose, 35 sucrose, and 25 NaHCO 3 ) for 40-60 s. Transverse slices (400 μm) were made using a Tissue Chopper (McIlwain) and stored in individual chambers for recovery (at least 60 min). Recording was done under superfusion with artificial cerebrospinal fluid (aCSF; in mM: 126 NaCl, 3.0 KCl, 1.5 MgCl 2 , 2.4 CaCl 2 , 1.2 NaH 2 PO 4 , 11 Dglucose, and 25.9 NaHCO 3 ) at a bulk flow rate of 2-3 ml/min at 31°C. All solutions were saturated with 95% O 2 / 5% CO 2 . Before each experimental run, an input-output curve was generated by increasing the stimulus voltage and recording the synaptic response until either a maximum was reached, or evidence of a population spike was observed on the fEPSP response. Also, paired-pulse tests were run with a pulse interval of 50 ms. Synaptic field excitatory postsynaptic potential (fEPSP) responses were evoked with bipolar tungsten electrodes placed in the CA3 to CA1 dendritic field layer. Test stimuli were delivered every 20 seconds with the stimulus intensity set to 50-60% of the maximum synaptic response. After a 20-30 min control period, LFS was applied for 15 min at 1 Hz (900 pulses) at test stimulation intensity. Slopes and amplitudes of fEPSP responses were recorded for 60 min following LFS, and their average over 2 min (6 responses) was plotted.
Preparation and stimulation of slices for biochemical analysis.
Hippocampal slices for biochemistry were prepared and treated as previously described (Sanderson et al., 2012) . Preparation from 21-24 day old mice was done similarly as described for the electrophysiology. However, a Vibratome was used for cutting, and the CA3 region was removed. For LTD stimuli, slices were exposed to 20 µM NMDA for 3 min at 31 o C, washed with aCSF, and recovered for different times as indicated. Three to four slices were collected for each time point and sonicated in 100 mM Tris pH8, 10 mM EDTA, 1% SDS. These homogenates were heated to 95 o C for 5 min, then stored at -70 o C. Protein concentration was determined by BCA assay (Pierce), and equal protein amounts (typically 10 µg) were loaded for Western-analysis.
Western-analysis of protein expression and phosphorylation.
Western-analysis was performed as essentially as described previously Vest et al., 2007) , after SDS-PAGE on 10% Criterion gels (BioRad) and electro-transfer (Idea Scientific) onto activated PVDF membrane (Perkin Elmer). Blots were blocked by incubation in 5% BSA or non-fat dry milk for 1 hour at room temperature, followed by overnight incubation at 4°C in primary antibody. Antibodies against GluA1 phospho-S567 (1:2000, generated as described; Lu et al., 2010) , GluA1 phospho-S845 (1:1000, Phosphosolutions) and total GluA1 (1:3000, Millipore) were diluted in 1% BSA. Antibodies against GluA1 phospho-S831 (1:1000, Phosphosolutions), CaMKII phospho-T286 (1:3000, Phosphosolutions), CaMKIIα and β (1:2000, BD Pharmingen), the N-terminal kinase domain of CaMKIIα and β (1:5000, GeneTex), CaMKIIα (1:2000, CBα2 produced in house), and CaMKIIβ (1:2000, CBβ1 produced in house) were diluted in 1% non-fat dry milk. Following incubation with HRP-conjugated secondary antibody (in 1% BSA or non-fat dry milk), blots were incubated in Western lightning plus (Perkin Elmer) or Supersignal west femto (Pierce) ECL reagent, and then imaged in an Chemimager (Alpha Innotech). The signals from Western-analysis were quantified as Immuno-detection values (IDVs), as described Vest et al., 2007) .
Protein purification.
CaMKIIα and CaM were purified from baculovirus/Sf9-cell and bacterial expression systems, respectively, as previously described Coultrap et al., 2010) . GST-fusion proteins with cytoplasmic glutamate receptor regions (GluA1 loop1, GluA1 C-tail, GluN2B-C) were purified after bacterial expression. Briefly, cDNA was expressed in Oneshot BL21 star bacteria cells (Invitrogen) and grown until OD 600 =~0.6. Then, expression was induced by addition of 1 mM IPTG for 3 hours. Cells were pelleted at 2500 x g, resuspended in 20 mM Tris pH 7.55, 150 mM NaCl, 1 mM EDTA, 0.1% Tween-20, 1 mg/ml lysozyme, 10 µg/ml RNase A, 20 µg/ml DNase I, with protease inhibitors (Roche Complete) . After several freeze thaw cycles and sonication a 10,000 x g supernatant containing the GST-fusion protein was collected and frozen at -80°C. Proteins were batch purified with Glutathione sepharose 4B (GE Healthcare), washed three times with TBS and eluted with 100 mM reduced glutathione in 200 mM Tris pH 9.0. The glutathione was removed by dialysis against 2 liters of 50 mM Tris pH 7.6, 300 mM NaCl twice for 2 hours.
In vitro phosphorylation assays. Similar as previously described Coultrap et al., 2010) , purified CaMKII (250 nM kinase subunits) was auto-phosphorylated at T286 for 10 min on ice in 50 mM PIPES pH 7.1, 10 mM MgCl 2 , 100 µM ATP, 1 mM CaCl 2 , 1 µM CaM, and 0.1% BSA. Then, CaMKII (10 nM kinase subunits)-mediated substrate phosphorylation was performed in 50 mM PIPES pH 7.1, 10 mM MgCl 2 , 100 µM ATP, 0.1% BSA at 30 o C, either in presence of 1.5 mM Ca ). Substrate was either purified GST-GluA1-loop1 (containing loop1 and S567; 2 µM) or GST-GluA1-Ctail (containing the C-terminus with S831; 2 µM).
Protein-protein binding assays. Ca
2+
/CaM-stimulated binding of CaMKIIα (50 nM) to GST-GluN2B immobilized on anti-GST-coated microtiter-plate wells (Pierce) was done essentially as described previously (Bayer et al., 2001; Vest et al., 2007) 
